Abstract.
Geophysical media are usually heterogeneous and contain multiple species of scatterers.
In this paper a model is presented to calculate effective permittivities and polarimetric backscattering coefficients of multispecies-layered media. The same physical description is consistently used in the derivation of both permittivities and scattering coefficients.
The strong permittivity fluctuation theory is extended to account for the multiple species of scatterers with a general ellipsoidal shape whose orientations are randomly distributed. [Tsang and Kong, 1981a, b; Tsang et al., 1982] . For sea ice containing brine and air inclusions, effective permittivities are computed with the strong fluctuation theory at microwave frequencies [Stogryn, 1987] . 
For the background, et at., 1981a; Yueh et al., 1990; Nghiern et al., 1993a, b] . This condition imposes _{r--)) = 0 where the ensemble average is obtained by
In (7) Siz, (_ix,, tiy,, tiz,) 
Six, (tix,, tiy,, ¢iz') = Siz' ((iz', tiy,, eix,) 
where principal branch cuts and principal Riemann sheets have been chosen for the square root and the inverse tangent functions. In (10) the integrations over _b can be carried out numerically and a i and 3,,. are defined as
Then, the average dyadic coefficient
where Sb = _'fsiSi/_"fsi" Equations (9) and (12) In the local coordinates, '_/i(?') is a diagonal tensor whose elements are "007' = "00' = 10"+ Sij, , j' = x', y', z' (14) where I0., involves the integration of dyadic Green's function and correlation function.
The result for liz, is 
The effective permittivity, as indicated in (21) et al., 1990; Nghiem et al., 1993a] .
In the next section the effective permittivity is used in the derivation of a complete set of polarimetric backscattering coefficients under the distorted Born approximation. shown in Figure  1 . 
Scattering Coefficients
where t stands for the scatterer species t, and N_ is the number of species in region n = 1,2. The DOFs and the mean fields are given by Nghiem et al. [ 1990] .
Physical properties of the scatterers are characterized by correlation function C defined in the spatial and spectral domains as
which are expressed in the global coordinate system (3c, :9, _) and related by the rotation transformation with Eulerian angles (a, /3, 3') to those in the local coordinate system (k', :9', U). Function _tnjklm is a product of variance Ftnjklm and normalized functional part cPq,
where cPten is defined in the same manner as in (3) 
Note that all quantities in the right-hand side of (25) is the same as in the calculation of the effective permittivity; here subscript t (instead of i as in (4)) is used to denote the species and subscript n is for region n as indicated earlier.
For _s in (25), (5) 
With (26), (27), and (30) "tljktm is arranged in the following simple form:
,,,e_s for region 2 in (29) is Similarly, quantity
where the integral of I_ qr_ is carried out under the low-frequency approximation for thickness (d2d l) of region 2 as In the next section the model is applied to study the polarimetric scattering properties from heterogeneous media.
Results

Effects of Scatterer Shapes
In natural media the shape of scatterers such as ice grains in snow is particularly subjected to temperature, medium metamorphoses, or environmental variations. The model in this paper accounts for various shapes which can be spherical, prolate or oblate spheroidal, or ellipsoidal in general. For an inhomogeneous medium with a fixed number of scatterers and fractional volume, the shape of the scatterers is a significant factor on the effective permittivity and the scattering coefficients of the medium. To study effects of the scatterer shape, consider a layered medium such as that described in Figure 2 . The scattering region consists of an air background and embedded scatterers of 20% fractional volume and permittivity (3.15 + i0.002)e0 for ice at the C band frequency off = 5 GHz. The underlying medium has a permittivity of (6.0 + i0.6)e 0, which is in the permittivity range for soil. Four different shapes of scatterers are investigated: spherical, prolate spheroidal, oblate spheroidal, and ellipsoidai. The fractional volume and the number of scatterers are kept the same in all cases, and the nonspherical scatterers are randomly oriented. For the ellipsoidal shape the longest correlation length is taken to be equal to that of the prolate spheroidal shape, the shortest correlation length is the same as that of the oblate spheroid, and the meridian correlation is chosen by setting the surface area (defined by the two longer correlation lengths) identical to that of the oblate spheroid. Correlation lengths and calculated effective permittivities corresponding to the various shapes are reported in Table 1 . It is seen that the effective permittivity is increasing when the scatterer shape varies from spherical, to prolate spheroidal, and then to oblate spheroidal forms. Permittivity results for the ellipsoids and oblate spheroids are similar due to the similar cross sections of the scatterers in the two cases.
Differences in the scatterer shape are also manifested in scattering coefficients. Copolarized backscattering coefficients for different scatterer shapes are shown in Figure 3 . Oscillations in the curves of the scattering coefficients are due to multiple interactions with the layer boundaries. The copolarized backscattering increases as the scatterer cross section increases from the spherical to prolate, and then to oblate spheroidal form. The copolarization results for the eilipsoidal and the oblate spheroidal forms are similar. For cross-polarized returns, the spherical case gives zero value under the first-order distorted Born approximation. Cross-polarized backscattering coefficients for nonspherical scatterers are plotted as a function of incident angles in Figure 4 . The oblate spheroids provide the highest returns while the ellipsoids and the prolate spheroids have a similar cross-polarization effect due to the same size in their longest correlation lengths. As illustrated, the ellipsoids behave as a hybrid between the oblate and the prolate spheroids. A common feature in all of the cases for the different shapes is the effective isotropy of the inhomogeneous medium. For the case of nonspherical scatterers the medium is rendered isotropic by random scatterer orientations with no preferred direction. Wave speed and attenuation in the inhomogeneous isotropic medium is the same for horizontal and vertical waves. This results in correlation coefficient p between h and v waves with a small phase. Magnitudes of p plotted in Figure 5 show a similar variation as a function of incident angles for the different shapes of the scatterers with a stronger decorrelation effect from nonspherical scatterers.
Effects of Multiple Species
The multispecies model in this paper allows the coexistence of disclike and needlelike scatterers. Effects of multiple species are studied with the configuration described in Figure 6 , which corresponds to a soybean Backscattering coefficients decrease, as seen in Figure 7 , for increasing needlelike species, which has a smaller total cross section. Figure  7 also
shows that the decrease in the copolarized returns is more than that in the cross-polarized return.
Again due to the effective isotropy, the phase of correlation coefficient P is small for the cases under consideration.
While the magnitude of p for different mixtures is similar as indicated in Figure  8 , intensity ratio e = crh_,/trhh is higher for a mixture containing more needlelike scatterers, as shown in Figure 9 . This will result in a copolarized signature with a higher pedestal [Nghiem et al., 1990] Figure  12 for the layered media. Figure  13 compares et al., 1993b] . The curves in Figure 14a indicate that this covering layer can increase copolarized backscattering coefficients by several decibels while there is a small effect on the cross-polarized return. Figures 14b and 14c show that the complex correlation coefficient p has a magnitude closer to 1 and a smaller phase; this behavior is more similar to the isotropic scattering characteristics• This is caused by the random orientation of the ellipsoids in the covering layer and the nondirectional feature of the surface roughness. Figure 15 presents the normal- data. These curves are for the layered medium with a smooth surface and without the covering layer, which correspond to the configuration of the bare saline ice for the CRRELEX 1993 measurements.
Summary
This paper presents a model for layered inhomo- et al., 1986] .
Appendix A: Eulerian Rotations Between Local and Global Coordinates
To relate the local scatterer coordinate system (x', y', z') to the global coordinate system (x, y, z), Eulerian angles a,/3, and y are used as illustrated in Figure A1 . The rotation a(0 < a < 2_') about the z' axis,/3(0 < /3 < _r) about the Yl axis, and 3,(0 < 3' < 2rr) about the z2 axis are described with the following relations: 
Explicitly, the elements of _) in the global coordinates are _:._x = sc_,(cos2 3`cos 2/3 cos 2 a + sin 2 3, sin 2 a -2 sin 3' cos 3' cos/3 sin a cos a) + _y,(cos 2 3'cos 2/3 sin 2 a+ sin 2 3'cos 2 a 
For generality, subscript i for the scatterer species i and b for the background are not included in the notation of _j,(j' = x', y', z') which can take on the value of _¢0"for scatterer species i = i, 2, 3 ..... N or _:bj' for the background.
The above results are used to obtain (9). When _¢is replaced by S, (12) is obtained. p_(a, [3, y) 
